The large post-reproductive life span reported for the free-living hermaphroditic nematode, Caenorhabditis elegans, which lives for about 10 days after its 5-day period of self-reproduction, seems at odds with evolutionary theory. Species with long post-reproductive life spans such as mammals are sometimes explained by a need for parental care or transfer of information. This does not seem a suitable explanation for C elegans. Previous reports have shown that C elegans can regain fertility when mated after the self-fertile period but did not report the functional limits. Here, we report the functional life span of the C elegans germ line when mating with males. We show that C elegans can regain fertility late in life (significantly later than in previous reports) and that the end of this period corresponds quite well to its 3-week total life span. Genetic analysis reveals that late-life fertility is controlled by conserved pathways involved with aging and dietary restriction.
M
ULTICELLULAR organisms must respond to changes in the environment by altering their pattern of allocation of resources between growth (soma) and reproduction (germ line) in order to maximize lifetime reproductive fitness. These responses are mediated by a complex set of still largely undefined interacting genetic networks that integrate energy acquisition and utilization, developmental and reproductive timing, and behavioral and sexual interactions. The tilt in the balance of these interactions toward early reproduction and the ultimate precedence of the germ line over the soma are hypothesized to be the ultimate causes of aging and senescence-bodies simply cannot be maintained indefinitely against inevitable environmental damage when that maintenance comes at the cost of a reproductive disadvantage. In its most extreme form, there will be no natural selection to maintain the soma once reproduction has ceased, unless there is some secondary contribution that the old can make to young relatives. Indeed, evolutionary theory predicts that one should see a "wave of death" late in life in most organisms (1) (2) (3) . Thus, it is perhaps not surprising that mortality dramatically increases after female (hermaphrodite for Caenorhabditis elegans, which are essentially females that produce their own sperm; the hermaphrodite gonad is explained in detail in the Results) reproductive senescence in species that range from flies to humans (1, (3) (4) (5) . Caenorhabditis elegans has been an unexplained outlier in this trend, spending approximately 70% of its life in a reproductively senescent state-much more, for instance, than that of primates and other mammals (4) . Is this simply an artifact of laboratory rearing or are there important portions of the biology of this nematode that have been overlooked in this important model of aging and senescence?
Caenorhabditis elegans, which exist mostly as hermaphrodites, typically finish self-reproduction by about the fifth day of adult life (6, 7) . Surprisingly, these animals can live for another 2 weeks (6, 8) . Many mutations that extend organismal life span (Age) have been identified in the nematode. The first longevity mutant, age-1, shows as much as a 10-fold extension of somatic life (8, 9) ; as in the wild type, all of this life extension is post-reproductive (10) . In a few Age mutants, a modest extension of the period of self-fertility is seen (a relatively low number of progeny for a few days beyond wild type), but it comes at a cost of total progeny production (11) (12) (13) (14) . In addition to these results, two studies have recently demonstrated that C elegans can in fact display delayed reproductive senescence when hermaphrodite sperm is supplemented with sperm from males via mating (11, 15) ; importantly, neither study determined the age limits of cross-fertility. It also now appears that there are multiple developmental checkpoints in which development and reproduction can be halted and then restarted in response to starvation (16) (17) (18) (19) (20) (21) (22) (23) . We would expect such factors to be important in longevity and reproduction because allocation to somatic maintenance versus reproductive output should vary in response to the availability and uncertainty of resources. Thus, there is reason to believe that standard picture of "normal" reproduction and longevity in C elegans, especially in the face of environmental mediators, may be incomplete.
One gap in our understanding of reproductive life span is that no prior study has reported the functional life span of the germ line with respect to mating late in life. The latest age at which cross-fertility was examined in prior studies was Day 10 of adulthood (11) . The maximum age at which hermaphrodites could become impregnated by males was not determined. Thus, the functional life span of the hermaphrodite germ line is not known when male mating is taken into account; life span (or functional life span) cannot be determined without observing function until cessation. Here, we measure germ line longevity by examining the capacity for C elegans hermaphrodites to respond to crossfertilization after self-reproductive senescence-right up to the longevity barrier generated by somatic senescence. We find that a set of known longevity-extension mutants, representative of most classes of life-span extension, have little effect on germ line maintenance, whereas dietary input is critical. Thus, the structure of the genetic systems governing the interplay between reproduction and longevity in C elegans may be more complex than previously believed.
Experimental Procedures

Strains and Growth Conditions
All strains were grown and assayed at 20°C on standard NGM under standard laboratory conditions except for SM190 animals, and their wild-type controls, which were grown according to Panowski and colleagues (24) followed by assay at 20°C as in (24) . Strains used in these experiments were as follows: N2 CGCb (wild type), SM190 (pha-4(zu225)), NP717 (coelomocytes-less mutant), JK574 (fog-2(q71)), CB1370 (daf-2(e1370)), CF1038 (daf-16(mu86)), DA465 (eat-2(ad465)), TJ1052 (age-1(hx546)), MQ887(isp-1(qm150)), RB950 (cup-4(ok837)), NS3099 (nhr-49(nr2041)), TM2984 (nlp-7(tm2984)), EU1 (skn-1(zu67)), and PS3551 (hsf-1(sy441)). We note that the use of single alleles does not eliminate the possibility that some of the effects may be to linked point mutations that we were not able to outcross. However, we feel that the use of single alleles was warranted by an unavailability of other viable alleles, the genetic breadth of the study, and/or the fact that RNA interference by feeding could not be employed in a bacterial deprivation scenario and soaking or injecting RNA interference methods in older animals may be highly variable and would likely add confounding variables to mating and starvation scenarios.
Late-Life Mating Protocols for 20°C
All experiments were conducted by maintaining 150-175 hypochlorite-synchronized (25) animals on male-free, OP50-seeded 10-cm NGM Petri dishes until mating was initiated. When mating was initiated, individual old hermaphrodites were removed from mass culture and placed on an OP50-seeded 6-cm NGM Petri dish; progeny production was recorded each day via the number of hatched larvae detected on the plate. For experiments imposing dietary restriction (DR) through starvation, adults were moved to fresh plates each day; on the fifth day of adulthood, all animals were washed into a 50-mL conical vial and rinsed three times with S-Basal containing 200 mg/mL of ampicillin. All animals resided in the last wash for a total of 20 minutes at 20°C, giving them at least 25 defecation cycles (at 1 per 45 seconds) in the antibiotic-laden S-basal. This is important to get rid of bacteria in the gut. Late-life crossprogeny production without an antibiotic wash occurs indistinguishably, but the incidence of contamination and experimental failure is high (>50%). After washing, half of animals were transferred to large OP50-seeded NGM; the other half was transferred to large unseeded NGM plates. Aging animals were transferred to fresh plates daily or every other day; AL and DR groups were transferred equally. Subsequent matings took place as noted in the text. Actual numbers of old hermaphrodites assayed varied from 10 to 25 per condition per trial; see raw data in Supplementary Excel File 1 for details of each experiment.
Microscopy
Animals were mounted on 2% agarose pads with tricaine/ levamisole anesthetic according to McCarter and colleagues (26) . Nomarski DIC optics were used to examine animals through a 40× objective to view gonad morphology, gonad sheath contractions, ovulation, and fertilization. Animals were mounted for no more than 2 hours in all experiments longitudinally examining gonad morphology on Days 11 and 12 of adulthood and for no more than 30 minutes for studies examining fertilization kinetics.
Experimental Design and Statistical Analysis
Initial experiments detected positive effects in crossprogeny production for fog-2 mutants and starved wild-type animals with sample sizes of as few as 10 old hermaphrodites (see raw data in Supplementary Excel File 1, first three trials). Thus, to examine more genotypes simultaneously, we utilized a subsequent experimental design wherein we examined 10 old hermaphrodites per condition. When we observed no or significantly less than wild-type, ad libitum (AL) cross-progeny production in a mutant at Day 14, we performed assays at Day 11, where we could observe at least some AL cross-progeny production. This baseline of AL cross-progeny production allowed us to determine if cross-progeny production could be enhanced by bacterial deprivation treatment. Numbers of animals per trial and in total are similar to prior reports examining cross-progeny production after expiration of self-fertility (see raw data in Supplementary Excel File 1 and Table 1 ). Previous studies examining cross-fertility and reproductive life span used as few as six individuals per trial (15) and total numbers of animals for late-life cross-fertility ranged from 7 to 99 (11) . Nevertheless, we do suggest and exercise caution when interpreting our negative results. All data sets were analyzed for normal distribution and then compared with the appropriate control group using a t test or a Mann-Whitney U test, in accordance with the results of the KolmogrovSmirnov normality test. No data sets for experiments in Figure 4 were determined to be normally distributed.
Results
The Functional Life Span of the Caenorhabditis elegans Germ Line
We first asked if it is possible to obtain cross-progeny later in life, after the exhaustion of self-sperm and the consequent loss of self-reproduction. Prior publications indicated that male sperm could be utilized by a hermaphrodite gonad that had been depleted of self-sperm (27, 28) , and a recent publication reported that self-sperm-depleted hermaphrodites can produce cross-progeny via mating with males, as late as Day 10 of adulthood (11) . To determine the latest age on which cross-progeny could still be produced, we mated individual wild-type (N2 and CGCb) hermaphrodites at various times during their life span with five young wild-type males to determine the last day on which crossprogeny were produced ( Figure 1 ). About 300 self-progeny are produced in the first 5 days of life and then self-progeny production drop to zero (6, 7, 29) . However, all N2 hermaphrodites retained the ability to reproduce, when these hermaphrodites were mated with five wild-type males on the eighth day of adulthood ( Figure 1B ). Cross-fertility declined more or less linearly throughout life ( Figure 1C ). At Day 10 of adulthood, 60% of the hermaphrodites could still regain fertility, falling to 16% at 13 days of adult life and to 0 by Day 15 ( Figure 1B) ; no hermaphrodites produced any cross-progeny when mated on Day 15 of adulthood or later in three independent trials (n = 60). This last day of potential for cross-fertility is similar to reported mean wild-type life spans that ranged from 12 to 18 days at 20°C (6, 8) . The intersection of organismic life span with the end of the period of potential cross-fertility provides a feasible explanation for the long post-self-reproductive life typically observed in C elegans. In addition and consistent with at least one prior report (30) , we observe a trade-off between life span and cross-progeny production at all ages ( Figure 1B , p < .001, Mann-Whitney U test comparing median life span for each mated age vs age-matched unmated controls).
Reactivation of Old Gonads in Response to Mating
The hermaphrodite gonad of C elegans consists of two U-shaped tubular ovotestes joined at one arm of each U by the uterus. The anterior and posterior gonads each have a Notes: AL = ad libitum; AVG = average; BD = bacterially deprived; wt = wild type. * All data sets analyzed failed tests for normal distribution.
Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/66A/8/842/559146 by guest on 13 March 2019 spermatheca but share a uterus and a vulva. At the distal end of each gonad is a distal tip cell controlling proliferation of a population of proximal germ line stem cells, which divide mitotically, producing a syncytium containing many nuclei that migrate down each gonad arm (from the distal tip cell toward the uterus), gaining an intact cell membrane, undergoing meiosis, and becoming mature oocytes by the time they arrive at the spermatheca ( Figure 2A ). Mature oocytes are ovulated into the spermatheca, fertilized with sperm, and pass into the uterus for a few cell divisions until they are laid (26, 27) . About 160 sperm are produced in each gonad arm during the fourth larval stage, before the first oocytes are generated (26, 28) . These "self" sperm are stored in the spermatheca for use throughout the first days of adulthood. However, if mating with a male occurs, male sperm are preferentially used for fertilization.
To determine how the gonad changes morphologically with age and with mating, we examined gonads on Day 11 of adulthood and followed them longitudinally using Nomarski DIC optics. In young animals, the gonad is well organized and morphologically intact (Figure 2A and B) . During gamete maturation, germ line cells mature as they move through the gonad, becoming oocytes arrested in diakinesis by the time they arrive at the proximal gonad next to the spermatheca (Figure 2A) . In young adults, a proximal oocyte is always present next to the spermatheca, awaiting fertilization (Figure 2A and B) . As animals age, the gonad becomes physically disorganized (31) ; no proximal oocyte is found next to the spermatheca in old hermaphrodites ( Figure 2C ). Instead, there are "unengulfed" cells, not present in young animals, which may be dead germ line nurse cells or cell bodies left over from oocyte differentiation (32) ( Figure 2C ). Unfertilized oocytes are sometimes observed in the spermatheca of some older unmated hermaphrodites (15%-30% of gonads in three experiments).
We found that 11-day-old adult hermaphrodites produced embryos within 3 hours of mating with males. Somatic gonad sheath contractions could be seen after 1 hour of mating, indicating that male sperm are able to induce oocyte maturation and ovulation in a time-frame similar to young adults (26, 27) . We analyzed old gonads longitudinally before and after mating. Within an hour and a half after mating, unengulfed cells can no longer be found in the gonad and a proximal oocyte lies next to the spermatheca; the proximal oocyte in Figure 2D is probably the same oocyte visible in Figure 2C , about 50 mM from the spermatheca. The fate of the apparently unengulfed cells remains unknown, but it seems likely that they were pushed into the uterus. Thus, old senescent gonads are rapidly reactivated in response to mating late in life.
Long-Lived Mutants and Reproductive Life Span
More than 700 gerontogene manipulations are now known to modulate the life of the C elegans soma (33); we asked whether representatives of different classes of these genes also modulate the functional life span of the hermaphrodite gonad. Various reports have suggested that some prolongation of germ line life span does occur in long-lived (Age) mutants; however, systematic studies of other Age mutants found negative or no effects. For example, some daf-2 mutant alleles do cause prolonged self-reproduction, albeit often with reduced overall fertility (7, 12, 14) . At least one study has examined cross-progeny production of Age mutants, mated early in life (11), but we wanted to know if cross-progeny production is extended in Age mutants when mating is initiated late.
We examined late-life cross-progeny production in longlived mutants representative of three major pathways known to extend life span in C elegans: insulin-like signaling (age-1, daf-2) (8,34), mitochondrial dysfunction (isp-1) (35) , and DR (eat-2) (36); the effects of these mutations on somatic life span are shown in Table 2 . We found that the age-1(hx546) and isp-1(qm150) mutations had no effect on the period of cross-progeny production or the number of progeny that were produced in late life ( Figure 3A and B), despite their dramatic effect on hermaphrodite life span. The daf-2(e1370) Notes: AL = ad libitum; AVG = average; BD = bacterially deprived; wt = wild type. * Median life spans reported for two different cohorts of unmated animals randomly selected from the raw data. The "(D5 Adults)" designates that bacterial deprivation was initiated at Day 5 of adulthood. Subsequent notations follow the same pattern.
† These studies used the fem-1(hc17) background as a surrogate for wild type. ‡ There were no numbers in the text of these manuscripts except percent difference; data extrapolated from figures.
Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/66A/8/842/559146 by guest on 13 March 2019 mutation significantly decreased the age at which late-life cross-progeny could be produced as well as the number of progeny produced (p < .001; Figure 3A and B). In dramatic contrast to these results, animals with the eat-2(ad465) mutation showed both an increase in the fraction of hermaphrodites that could become fertile late in life and a significant increase in the number of progeny as compared with wildtype animals mated on Days 11, 13, 15, and 17 of adulthood (p < .001 for all comparisons with wild type; Figure 3A and B). Therefore, mutations that extend the life of the soma do not generally confer extension of late-life cross-fertility. To determine if there was any morphological basis for the performance difference between wild-type and Age mutants (especially eat-2 mutants), we analyzed the structural integrity of the gonad in mated and unmated individuals on Day 11 of adulthood. Animals were binned into six categories using a qualitative three-factor binary analysis, examining (a) the presence of the gonad, (b) physical orientation of the gonad superstructure, and (c) the presence of unengulfed cells or inappropriate location of oocytes. Both mated and unmated 11-and 12-day-old eat-2 mutants exhibited significantly better gonad morphology than wild-type animals ( Figure 2E ; p < .05, Mann-Whitney U test in Supplementary Figure 1 compared with wild-type animals on either day). Old daf-2(e1370) mutants also had significantly better gonad morphology than wild-type animals, but this conferred no benefit for cross-progeny production to those animals, suggesting that morphology alone does not explain differential late-life fertility.
Other Forms of DR Also Increase Late-Life Cross-Fertility
The differential effects observed in eat-2 results in this study, and others (11, 47) prompted us to ask whether other modes of imposing DR might also extend the life span of the germ line. Previous murine studies have shown that animals on a DR diet, returned to an AL diet later in life, exhibit enhanced oocyte quality or fertility relative to animals that have been fed AL their entire lives (48) (49) (50) (51) . In C elegans, there are multiple ways of imposing DR (52); we used complete starvation later in life (38) . We imposed complete starvation at Day 5 of adulthood [preventing "bagging" from starvation (37) ] until the day when mating was initiated when animals were transferred to individual plates with fresh food. Animals that underwent starvation produced more cross-progeny than AL controls (Figure 4A and B; for detailed statistics, see Table 1 ). After mating at Day 11 of adulthood, animals on an AL diet produced an average of 2.4 ± 5.1 cross-progeny, whereas animals that had been on DR produced significantly more: 20.1 ± 26.2 cross-progeny (p < .001). When animals were mated on Day 14 of adulthood, AL controls generated 0.5 ± 1.4 cross-progeny, significantly less than the DR production of 14.3 ± 20.5 (p < .001). Thus, at least two distinct methods of imposing DR resulted in similar extension of late-life reproduction.
Transcription Factors Regulating Germ Line Reactivation
We asked whether enhanced reproductive capacity by starvation-DR is dependent upon the same downstream transcription factors that are required for somatic enhancement of life span by DR (52) . We therefore examined mutants that were deficient in daf-16, skn-1, pha-4, and hsf-1 to see if they interfered with the enhanced reproductive potential after DR. We also examined nhr-49, which encodes a nuclear hormone receptor that is required for the fasting response and maintenance of the germ line during starvation-induced reproductive diapause in young adults (22, 41, 53) . The effects of these mutations on the soma are shown in Table 2 .
The transcription factors NHR-49/HNF-4 and DAF-16/ FOXO are absolute requirements for late-life cross-fertility. Null nhr-49(nr2041) mutants mated on Day 11 or 14 produced almost no progeny under any condition (p ≤ .001 for germ line perdurance to Day 14 of adulthood. The skn-1(zu67) animals fail to increase cross-progeny production either relative to AL skn-1(zu67) animals or matched with wildtype DR controls ( Figure 4B ; Table 1 ).
The transcription factors HSF-1 and PHA-4/FOXA are required for wild-type germ line life span but not for increasing late-life cross-progeny production in response to DR. The hsf-1(sy441) mutants fail to produce wild-type levels of cross-progeny when mated at Day 11 (0.1 ± 0.4, p < .001 vs AL wild type) but do significantly increase progeny production in response to DR (0.1 ± 0.4 AL vs 0.6 ± 1.0 DR, p = .02), but levels are very much reduced in comparison with the wild-type control. Animals mated on Day 14 showed no response to DR, producing significantly fewer progeny than wild type, possibly due to the decrepit state of 14-day-old hsf-1(sy441) mutants (Figures 4A and B ; Table 1 ). The pha-4(zu225) mutation significantly reduces crossprogeny production by Day 14 of adulthood under AL conditions, producing only 0.6 ± 1.1 compared with paired wild-type temperature-shifted controls, which average 2.6 ± 3.4 (p = .02, Figure 4B ; Table 1 ). Yet, animals that were starved and do not produce wild-type levels of PHA-4 can significantly increase cross-progeny production to an average of 4.5 ± 6.2, which is not significantly different than their wild-type temperature-shifted DR controls (p = .01 vs AL pha-4, Figure 4B ; Table 1 ).
Genes and Cells Involved With Somatic and Germ Line Response to DR
We recently reported that downstream effectors of SKN-1, nlp-7, and cup-4 were required for DR enhancement of somatic life span (46, 54) . Furthermore, cup-4 acts through the coelomocyte cells (55) . Thus, we tested the requirements of nlp-7, cup-4, and the coelomocytes in late-life fertility under AL and DR conditions. NLP-7 is not required for germ line response to DR but is required for normal AL germ line function ( Figure 4A ; Table 1 ). The nlp-7(tm2984) null mutants produce significantly fewer cross-progeny than wild-type controls under AL conditions, with an average of only 0.2 ± 0.8 compared with the wild-type average of 2.4 ± 5.1 (p = .02). However, the nlp-7 mutants were able to significantly increase crossprogeny production in response to DR to an average of 4.5 ± 7.0 (p = .007). The nlp-7 mutants did not produce wild-type levels of cross-progeny in response to starvation, but this was probably due to the initially lower AL fertility.
We had previously uncovered a role for cup-4, a coelomocyte-specific gene, in mediating DR (46, 54) , and we asked whether cup-4 may also have a role in preserving the germ line in response to DR. CUP-4 is not required for wild-type fertility under either condition, and mutants may actually increase fertility. Under AL conditions, animals that do not express CUP-4 produce an average of 7.0 ± 7.3, which is significantly more cross-progeny than wild-type all comparisons; Figure 4A and B; Table 1 ). Furthermore, nhr-49(nr2041) animals could not increase cross-progeny production in response to DR at either day tested. Animals lacking DAF-16 produced reduced numbers of progeny under AL conditions (Day 11) but failed to reach statistical significance. The daf-16 mutants also failed to increase cross-progeny production in response to DR (p < .001 for daf-16 DR vs wild-type DR; Figure 4A ; Table 1 ). By Day 14, daf-16(mu86) mutants did not produce any cross-progeny under AL conditions and did not significantly increase progeny production in response to DR ( Figure 4B ; Table 1) .
We tested animals, containing the skn-1(zu67) mutation, which do not express intestinal SKN-1 but do express functional SKN-1 in sensory neurons. These animals were able to produce wild-type levels of cross-progeny when mated on Day 14 of adulthood under AL conditions; skn-1 mutants were not examined at Day 11 because of apparent wild-type Table 1 ). "Wild-type ts" denotes wild-type animals that were raised at 25°C and then shifted to 20°C, as controls for the temperature sensitive pha-4(zu225) allele. (B) Progeny production after mating on Day 14 of adulthood. Data represent all trials combined (see also AL controls (p = .001; Figure 4A ; Table 1 ). After DR, cup-4(ok837) animals increase cross-progeny production to an average of 16.2 ± 22.4, which is not significantly different from the DR controls.
The Greenwald lab has constructed a strain of nematode in which the six coelomocyte cells are ablated through the expression of Diphtheria toxin A, permitting analyses of animals with no functional coelomocytes (56) . The coelomocyte cells were not detected as a requirement for AL late-life cross-fertility ( Figure 4B ; Table 1 ), although fertility is very low. However, the coelomocyte-ablated animals are unable to increase cross-progeny production in response to DR.
The functional effects of our genetic analysis are summarized in Figure 5 ; a summary of the effects of genotypes and treatments on somatic life span is shown in Table 2 . For additional descriptions of the phenotypes for each genotype used as well as molecular functions of the gene products, see Supplementary Table 1 . Raw mating and life span data are available in Supplementary Excel File 1.
The Period of Self-Fertility Alters Late-Life Fertility
We were not able to recover rates of egg production in old adults that approached those seen in young hermaphrodites. There may be some wear and tear on the gonad or depletion of gamete generation capacity during the self-fertility period. To test the hypothesis that the self-fertility period alters the functional life span of the germ line, we examined fog-2 mutants. The fog-2(q71) mutant does not produce sperm and is essentially female, producing no progeny unless mated (26) . The fog-2(q71) animals produce significantly more cross-progeny than wild-type animals, when mated at Days 11 and 14 (Figure 4A and B; Table 1): 9.4 ± 11.1 on Day 11 and 2.8 ± 5.0 on Day 14 compared with the wild-type average of 2.4 ± 5.1 and 0.5 ± 1.4 (p < .001, p = .002), respectively. Thus, the production of progeny early in life influences the ability of animals to produce crossprogeny late in life.
Discussion
Genetic Mechanisms for Late-Life Fertility and DR-Induced Enhancement
We have found that some genes required for life-span extension in response to DR are not required for DR-based extension of fertility, indicating that there may be independent genetic circuits regulating soma and germ line responses to DR. Of particular interest is the observation that while the SKN-1 transcription factor is required for DR extension of both life span (57) and fertility, NLP-7 and CUP-4, downstream effectors of SKN-1 in DR life-span enhancement, are not required for starvation-induced enhancement of late-life fertility. This observation suggests that there may be other currently unidentified SKN-1 effectors that act specifically to modulate the germ line response to DR.
Unexpectedly, loss of CUP-4, an ion channel that functions in coelomocyte endocytosis, leads to increased AL fertility. Given that this effect is not duplicated by loss of coelomocytes themselves, we speculate that CUP-4 plays a specific role in either reducing an intercellular signaling factor that promotes germ line function or producing a negative germ line regulator.
PHA-4 and HSF-1, two transcription factors required for normal fertility under AL conditions, are also not essential for DR-induced fertility increases. We interpret these findings to indicate that while these transcription factors may be important for maintaining optimal germ line function, they may not be involved in the initiation of the extended fertility induced by DR. Interestingly, PHA-4 localizes to the somatic gonad, including the distal tip cell, where PHA-4 may be exerting influence on germ line proliferation (58,59); alternatively, the influence of PHA-4 on the germ line could be due to activity in other tissues, such as the intestine. Finally, two transcription factors, NHR-49 and DAF-16, appear to be required for all aspects of somatic life (41, 60) and fertility, including enhancement of late-life fertility induced by starvation. These results are summarized in Figure 5 .
Evolutionary Aspects of Late-Life Cross-Fertility
We have shown that in C elegans hermaphrodites, reproduction can be restored via mating with males after the expiration of the self-fertile period several days later than previously reported. These sexual interactions later in life serve to rejuvenate the germ line, expanding reproductive capacity and reproductive life span (expiration of crossfertility is Day 14 of adulthood or Day 17 of total life span for wild-type animals) to the point of near intersection with median life span of C elegans [12-20 days for wild-type at 20°C (6,8); Table 2 ]. Thus, the apparent post-reproductive life span of C elegans is significantly diminished when crossfertility is taken into account, making the post-reproductive life span of C elegans more comparable with that of fruit flies rather than mammals. These results also suggest that Figure 5 . Graphical representation of genetic effects on life span and crossfertility under AL and DR conditions. A colorimetric table summarizing the effects of genotype on life span and late-life cross-fertility is shown. The references for the reported life span effects are presented in Table 2. there may be strong selection for outcrossing with males in the wild and suggest that there may be a relationship with the frequency of males in wild populations and their ability to be responsive to male mating late in life.
How likely is it that these mating-induced effects have shaped the life history evolution of these nematodes? Studies of genetic variation in natural populations of C elegans suggest that cross-fertilization may be fairly rare (61) (62) (63) (64) . However, a number of natural isolates maintain high frequencies of males in the laboratory (61) , and several studies have detected high levels of polymorphism within some natural populations that must be the result of mating with males (64, 65) . The most likely explanation for these patterns is that cross-fertilization does in fact occur in nature at a low but significant level but that the offspring from these matings may be at a fitness disadvantage, perhaps because of segregating incompatibility factors (61, 64, 66) . Thus, despite the fact that C elegans does self-fertilize frequently, the mating-induced reproductive effects that we observe here-especially since they significantly increase total reproduction-are likely to be a significant part of the natural ecology of this species.
Age Mutations' Diverse Effects on Germ Line Life Span
When we asked if Age mutants extended reproductive longevity, as they do the longevity of the soma, we found unaltered or earlier termination of ability to produce latelife cross-progeny for the daf-2, age-1, and isp-1 mutants. Thus, in these mutants, the life-extension and reducedmortality effects on the soma are not shared by the germ line, consistent with the Disposable Soma Theory of Aging, which suggests that there must be trade-offs between the soma and germ line (5) . In contrast, a mutation in eat-2 does extend the life span of both the soma and the germ line. However, one "cost" of the eat-2(ad465) mutation is an increased generation time; thus, there may still be a trade-off when one considers the amount of extra time required for development, consistent with at least one prior report (67) and current mathematical models (68) . Yet, despite the trade-off for an eat-2 mutant, aging wild-type animals seem to experience only benefits to the soma and germ line from a period of starvation after the self-fertile period.
DR-Based Preservation of Germ Line Function Is Conserved in Mammals
We have discovered that two forms of DR, one genetically mediated by slower rates of food uptake in an eat-2 mutant and the other purely environmentally mediated via starvation, prolong the late-life cross-fertile period that occurs after the expiration of self-fertility. Mammalian studies in which mice were under DR and then returned to AL feeding conditions also demonstrated increased fertility or oocyte quality relative to AL controls (48) (49) (50) (51) . This conservation of germ line response to DR between worms and mice indicates that the phenomenon may be broadly conserved across phyla. Studies in Drosophila have not reported this phenomenon of germ line life-span extension after DR, but this may be due to the fact that flies were continually deprived of calories and not returned to AL conditions; a period of caloric restriction followed by AL feeding in flies may produce a similar result to that seen in worms and mice.
Orchestration of Germ Line DR Response by Distinct Transcription Factors
Major transcription factors that coordinate somatic lifespan enhancements in response to DR (52) are also used in maintaining and enhancing the life span of germ line. Note that we are still cautious about interpreting lower fertility as a specific response indicating direct molecular interactions, rather than as an organism-wide sickness as is obvious when one examines genetic alterations in important proteins, such as HSF-1 (31) . The transcription factor mutants are all short-lived relative to wild-type animals and thus physiologically older than wild-type animals ( Figure 5 ; Table 2 ). However, a strict interpretation of our data suggests that utilization of a particular transcription factor during AL or DR conditions by the soma or germ line can be distinct. This study indicates that post-reproductive life span within C elegans is actually the result of a balance between the self-fertile capacity, the availability of mates, and access to food; all of which are orchestrated by the differential action of transcription factors in the soma and germ line in response to the environment.
Novel Functions for Genes in Germ Line Maintenance and Repression
Our study revealed that at least three genes involved in somatic life-span extension in response to DR have novel roles in the germ line. Loss of pha-4 results in significantly reduced cross-progeny production (by Day 14) under AL conditions but not under starvation-DR conditions (bacterial dilution was not tested), indicating that pha-4 is required for maintaining the germ line during normal aging but not required for enhancing the germ line capacity for reproduction in response to bacterial deprivation. Thus, in contrast to the essential role of PHA-4 in DR-based somatic life span enhancement (24) , PHA-4 plays a minor role in the normal aging of the germ line as it does in the soma but is not involved in DR-based (starvation) enhancement of the germ line life span. PHA-4 is not required for somatic life-span extension in response to intermittent fasting (69); thus, different forms of DR can have distinct genetic requirements in distinct tissues (52) .
Similar to pha-4, two other genes (cup-4 and nlp-7) that are required for life extension in response to DR are not required for extension of the germ line life span in response to bacterial deprivation. Although nlp-7 is required for AL fertility, cup-4 is unique in that it is the only gene that appears to actively restrict AL fertility. Thus, cup-4 effectively limits the productivity of the germ line during AL conditions. This supports a model wherein CUP-4 represses germ line function to alter resource allocation between soma and germ line. This role for CUP-4 in resource allocation is congruent with the disposable soma theory (5) because it demonstrates that there are gene products that are actively repressing germ line function; this leaves the resources that would be used for germ line function free to be used elsewhere in the soma.
Many Pathways May Result in Different Forms of Germ Line Preservation
The preservation of the germ line after reproductive senescence is probably distinct from adult reproductive diapause (ARD) that occurs when C elegans are starved as young adults (22) . First, animals can maintain germ line integrity to reproduce at Day 14 of adulthood with or without initiating starvation; the frequency and magnitude of the phenotype increase when starvation is initiated. Second, unlike ARD, the reactivation of senescent, sperm-depleted gonads happens after the self-fertility period and requires food and mating, not just food. Finally, another difference between late-life fertility and ARD is that we found oocytes to be arrested and ready for fertilization within 1 hour, unlike the shriveled mass of approximately 35 germ cells in ARD. However, the requirement of nhr-49 is absolute for late-life fertility as well as for ARD, indicating at least some functional pathway overlap.
Previous studies in which animals were mated earlier in life (11, 15) produced results distinct from those found in this study, where animals are mated after a period of reproductive senescence at later ages. For example, both Hughes and colleagues and Luo and colleagues found that the daf-2(e1370) mutation (also examined in the present study) showed a great increase in reproductive life span as measured by percent of the population producing any crossprogeny. In contrast, we found that daf-2(e1370) animals displayed the largest reduction in the fraction of animals producing cross-progeny and the lowest number of crossprogeny per individual, among all Age mutants tested. There are two distinct differences between these studies and ours. First, in prior studies where daf-2 animals displayed a greater fraction of animals producing cross-progeny, said animals were mated as young adults on the first day of adulthood and not after a period of reproductive senescence as in this study. Second, animals tested for cross-fertility with age in previous studies were younger, with Day 10 of adulthood being the latest age at which matings were initiated. We find that wild-type animals equal (eat-2) or out-perform all Age mutants, with respect to late-life cross-progeny production ( Figure 3 vs Figure 4 ), provided they experience a period of starvation after reproductive senescence.
Importantly, the sole measure of percent fertile does not reflect the magnitude of cross-progeny production and thus does not reflect fitness. What matters for Darwinian fitness is progeny per genotype and generation time (70) (71) (72) .
Notably, we do not find our results to be in conflict with prior reports (11, 15, 47) ; instead, we find our results to be reflective of changing physiological states in different epochs of life. The notion that animals at a later phase of life have different genetic influences on fertility because they are in distinct physiological states is supported prior reports showing distinct transcriptional and physiological profiles with age (73) (74) (75) . The fact that distinct genotypes respond differently to the same treatment at different ages is itself evidence that physiology and thus influences on physiology change with age.
The Cost of Self-Fertility and Rejuvenating Effect of DR
The fact that worms with virgin uteruses (fog-2 animals) produce more cross-progeny than animals undergoing the self-fertile period (during which they produce about 300 progeny) is consistent with a scenario in which self-fertility negatively affects late-life cross-fertility. This could result from either wear and tear on the physical gonad (due to mating pathology or egg throughput) or depletion of some other unknown factor affecting oocyte production. Mating pathology is certainly a driving force in the death of mated young adults (30) or older adults examined in this study. Oocyte depletion due to a diminished germ line stem cell division capacity in the wild type is also possible. However, the germ line of these animals is not exhausted: old animals (with or without a self-fertile period) produced nowhere near the over 1,000 cross-progeny that can be produced over the life span of an individual worm that is heavily mated with males (26) . It is difficult to be certain of the major force(s) that causes animals to stop producing cross-progeny late in life. The large variance in cross-progeny production indicates that there may be a strong stochastic component in how the hermaphrodite gonad decays and, therefore, many different physiological states with age.
In a prior report (11) , fog-2 animals were mated at Day 10 of adulthood and 28 individuals were found to produce 7 ± 4 cross-progeny, whereas 99 wild-type animals were found to produce 3.6 ± 0.6 cross-progeny. There was a trend for fog-2 animals to produce more progeny, but it was not significant at the ages tested. However, at a later epoch of life than has previously been examined, animals that do not experience ovulation produce more cross-progeny, indicating that the self-fertility period can influence late-life fertility when examined at later ages in paired trials. Importantly, we again do not find our results to be in conflict with the prior report examining fog-2(q71) animals' cross-fertile capacity after the expiration of self-fertility; instead, we interpret these results to be reflective of an increasing influence of gonad wear and tear with age. It might not matter if the somatic gonad was used or not for mid-life reactivation via fertilization with male sperm [mating at Day 10 of adulthood, reported in Hughes and colleagues (11) ], but clearly, there is a difference in late-life cross-progeny production between old (mated at Day 11 or 14 of adulthood, Figure 4A and B; Table 1 ) wild-type animals that experience well over 300 ovulation events and fog-2(q71) hermaphrodites, which experience a greatly decreased number of ovulation events, and hence less use of the somatic gonad machinery.
Starvation and Preservation of Somatic and Germ Line Life Span
We have shown that DR via complete starvation extends germ line life span of wild-type C elegans. In addition to starvation-induced preservation of late-life fertility after self-fertility, starvation initiated in early adulthood preserves the self-fertile capacity until food is replenished (22) . We also noted that DR-based preservation of the germ line was conserved in mammals as well. Why is this so? One explanation may be that starvation is a universal stress that animals have had to endure since the beginning of life on earth; resources become depleted periodically. Organisms have had to find ways to endure until resources become available or become extinct. If an organism only preserved the life of its soma and not its germ line, then that organism would never be able to produce the next generation; if species encountered starvation as a whole and no individual could endure starvation and subsequently reproduce, then that species would become extinct. Thus, preservation of the soma without preservation of the germ line negates Darwinian fitness. Hence, starvation and other forms of DR may initiate a coordinated program to preserve both somatic and germ line function until resources become available.
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